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Abstract 

Balanced armature transducers are used as the speakers in most hear- 
ing aids and in some small insert earphones. In this size range, the 
balanced armature speaker is a more efficient audio generator than 
other technologies. This project has investigated the possibility of us- 
ing these same or similar balanced armature devices in a reciprocal 
configuration as the generator for vibration energy harvesting. Earlier 
work by Vitt [Nikolas T. Vitt, "Investigation of a balanced-armature 
transducer for vibrational energy harvesting," M.S. thesis, Penn State 
University, 2011] has shown insufficient output if the device is mounted 
conventionally, but that a useful output of approximately 100-200 
//W/g could be available if the transducer were mounted by its ar- 
mature. Of course, Vitt knew that mounting by the armature alone 
is unrealistic, but suggested that possibility as a best case estimate 
of the output that might be available from a more realistic mount- 
ing. This paper examines that possibility in more detail, and suggests 
a conceptual mounting configuration that can generate an output in 
the range suggested by Vitt for single frequency vibration input, with 
output perhaps as great as 1 mW given a wideband vibration source 
providing 1 g/sqrt(Hz). 
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1    Introduction 

The balanced armature transducer structure[l] is used in the miniature acous- 
tic speakers for hearing aids and insert earphones. It was investigated by Vitt 
[2] for use as an electrical energy generator using ambient vibration as the 
energy source. The specific transducer used in that study was the Knowles 
Electronics CI-28409. The Knowles CI family of transducers has the highest 
available maximum acoustic output of any balanced armature device cur- 
rently in production, and might be a good choice for an energy generator. 

The Vitt work used a linear transducer model provided by Knowles that 
is known to be accurate in predicting electroacoustic performance of the 
device. That model was modified to include the calculation of the vibration 
sensitivity. Vitt verified the model measurement of several sample units, and 
then used it to estimate the improvement in vibration sensitivity that might 
be achieved by several simple modifications to the design of the transducer. 
The best case of the options examined was to eliminate the diaphragm and 
thus the impedance of the front volume and acoustic port, and to directly 
drive the armature from the vibrating source, with the mass of the transducer 
and its case suspended by the stiffness of the armature. Of course, this is 
known to be an inadequate solution for generator mounting, and was used 
only as a "best case" estimate of the sensitivity that might be achieved with 
a more practical mounting arrangement that could later be devised. This 
report carries that concept forward to suggest a more realistic generator 
mounting concept and to calculate the power generation capability of the CI 
transducer. 

Note that the vibration sensitivity that is calculated by Vitt assumes 
that the transducer is sensitive only to linear motion in the direction normal 
to the magnetic gap. That assumption is also used in the present work. 
Balanced armature transducers are known to also be sensitive to vibration 
in the other directions and especially to rotations around at least one axis. 
The author believes it is safe to neglect these additional sensitivities because 
they are expected to be relatively small, and they are likely to increase the 
total energy generated by the device by only a small amount. 
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Figure 1: Top: A conventional balanced armature transducer similar to the 
CI-28409. Bottom: (shown inverted compared to top) Modifications sug- 
gested for the energy harvesting application. 

2    The Mounting Concept 

The transducer modifications and mounting concept are shown in Figure 1. 
Changes to the CI-28904 include elimination of the diaphragm, replacement 
of the cover by a mounting plate and compliant ring (blue pieces in the figure), 
and the attachment of the drive rod to the inside of this new mounting plate. 
The transducer is attached to the vibrating surface by the new cover, so that 
the mass of the transducer body moves on the compliance of the cover. 

A more realistic implementation of this mounting is shown in Figure 2. 
The balanced armature transducer is rigidly attached to a top plate and 
suspended above the mounting place by at least two mounting springs as 
shown. The drive rod extends from the transducer down to the mounting 
plate, so that the relative motion of the transducer and mounting plate drives 
the armature to produce the electrical output. 

This structure will support multiple useful and other possibly extrane- 



Mounting Spring 
(one of two) 

Figure 2: More realistic concept with the balanced armature transducer 
mounted from a top plate with the drive rod protruding from the bottom 
in the figure, and with compliant mounting springs on two or four sides to 
support the mass. 

ous vibration modes that must be considered. Consequently, the vibration 
analysis is best done with a finite element analysis code such as COMSOL 
Multiphysics. The structure is intended to have its dominant resonances in 
the region below 500 Hz, as this is a range in which ambient vibration is often 
encountered. For particular applications, it may be desirable to match the a 
resonance frequency of the device to the frequency of a dominant source vi- 
bration. Often, however, the source is broadband or its dominant frequencies 
are not known. 

The distributed nature of the masses and springs allows several modes of 
vibration that may each be useful for the application. The design objective 
would be for at least one, and possibly two or more of these resonance fre- 
quencies to be in the operating range of the vibration generator to enhance 
the sensitivity at each of the resonances. 

3    A Combined FEA/Analog Model 

A reasonably simple model of the generator needs to include the multi- 
resonant vibration behavior of the device and requires a finite element analy- 
sis model. However the transduction behavior of the transducer is adequately 
modeled using analog electrical circuit methods. For this application it is 
possible to use the electrical circuit modeling capabilities of the COMSOL 
AC/DC Module for the analog modeling, and to couple the transduction be- 
havior from the analog model to the finite element model of the vibrating 
structure of Figure 2. 



Mass of 
Transducer 
and Case 

Armature     Compliance 
Mass        of Mounting 

Springs 

Base Plate 
Mass 

Vibration 
Source 

Armature Compliance 
. and Magnetic 

Negative Compliance 

lain J (     Oth( Mechancial Domain ) Q    Other Transdcuer 
to Magnetic Domain J f    Analog Components 

Transformation    j f 

Finite Element Model J [Transducer Analog Model 
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Figure 4: Analog model of the balanced armature transducer, excluding most 
of the mechanical domain. 

A complete analog model for the full system as described by Vitt[2] is 
shown in Figure 3. The assumptions are that the mechanical system vibrates 
with only a single degree of freedom, and that the drive rod makes a rigid 
connection between the base plate and the armature. The first assumption 
will later be removed when the finite element model replaces the analog model 
for the mechanical system. The second assumption remains in the present 
work, but will need further consideration before proceeding to a prototype. 

The details of the transducer analog model were defined by Vitt [2], and 
the analog is shown in Figure 4. Briefly, this model starts as a copy of the 
one provided by Knowles that models only the electroacoustic behavior of the 
transducer. The Knowles model uses acoustical units for all components, and 
does not include the vibration path components. Vitt approximated a value 
for the diaphragm area of the device that allowed the transformation of the 



components to the mechanical domain and and facilitated the addition of the 
vibration path to the model. The results of this transformation are shown 
in the figure as the component values all include the factor d_a, the area 
of the diaphragm. The present analysis has also ignored the eddy current 
impedance component, because the vibration frequency range is generally 
below the critical frequency for eddy currents. 

The finite element mechanical model treats the transducer as a rectangu- 
lar box having a uniform mass density that provides the correct transducer 
mass. The top plate is steel somewhat thicker than necessary for rigidity, so 
that it adds mass to reduce the resonance frequency. The mounting springs 
are made from the COMSOL standard Nylon material, although many plas- 
tics could be used with little difference in performance. The Young's modulus 
for the spring is given a complex value to add reasonable damping to the vi- 
bration. The value of this loss coefficient is arbitrarily selected as 0.1 with 
the expectation that real materials with greater or less damping can be found 
as desired. 

The coupling of the FEA mechanical model to the analog circuit model 
takes place at the physical location of the drive rod connecting the transducer 
armature to the base plate. In the physical hardware, a rigid drive rod 
connects the armature to the base plate and assures that their velocities are 
the same. Thus the relative velocity of the armature in its magnetic gap is 
the difference in velocities between the transducer case and the base plate. 
The FEA mechanical model calculates this relative velocity. The value of 
that velocity is used to set the input current (analogous to velocity) in the 
analog model. The circuit model calculates the electrical output voltage 
and current as well as the driving point reaction force (analogous to circuit 
voltage) of the transducer armature back on the drive rod. This force is added 
back into the mechanical model as a mechanical point load at the drive rod 
mounting position. This two-way coupling allows the armature stiffness and 
the magnetic negative compliance that are included in the analog model to 
influence the resonance frequencies of the FEA model. 

The model described above was implemented in version 4.2a of the COM- 
SOL Multiphysics code. Most aspects of the implementation are straightfor- 
ward. The implementation for the gyrator has been described by Hamill[3]. 
However the implementation of the current drive requires some discussion. 
The straightforward approach is to drive the circuit with a current source 
as shown in the top of Figure 5 where the value of the AC current is set 
as the complex value of the drive point velocity from the mechanical model. 
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AC Voltage Source 

Value = 1 

-^ 

Voltage Controlled 
Current Source 

Gain = Complex Drive 
Velocity 

The two implementations have the same drive current. 

Figure 5: Two equivalent implementations for the current source that drives 
the analog circuit. The lower version is preferred to work around an issue in 
COMSOL version 4.2a. 

Doing this yields a correct model. However COMSOL 4.2a requires that the 
value of a current source be set using separate values for the magnitude and 
phase of the excitation signal. The calculation of magnitude and phase from 
the complex velocity value introduces a nonlinearity into the model that is 
otherwise a completely linear. The existence of this nonlinearity makes the 
solution slower and far less robust. 

As an alternative, the circuit in the lower part of Figure 5 provides the 
same drive current using the complex velocity and not requiring the extra- 
neous calculation of magnitude and phase values. In this case, the drive 
current is generated by a Voltage Controlled Current Generator, whose gain 
can be set to the complex value of the velocity. The control input of this 
generator is simply an AC voltage of unit magnitude. Note that the need 
for this "trick" is caused solely by the COMSOL design decision on the input 
format for the current generator, and is not inherent in the model. Future 
versions of COMSOL may change the input format to allow the option of 
complex input so that either version of Figure 5 would perform the same. 
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Figure 6: The rocking vibration mode is at 209 Hz before including the 
coupling force of the drive rod. This drive rod stiffness is expected to stiffen 
the assembly somewhat and increase the actual resonance frequency (see 
Figure 9) 

The lowest three modes of vibration for the pure mechanical system are 
at 208 Hz, 266 Hz and 457 Hz. The first resonance is the end-to-end rocking 
mode, shown in Figure 6. This mode couples to the transducer analog unless 
the the drive rod is attached at the center point, which is a node. Two 
different attachments in this dimension will be shown below. The second 
mode is a purely translational motion of the transducer up and down on 
the springs, as shown in Figure 7. The third mode is a side-to-side rocking 
motion that does not couple to the analog model, because the drive rod is 
always at a node of that mode. 

4    Available Output Power 

The combined FEA-Analog model described above was run throughout the 
low frequency region that included the translational and rocking mode reso- 
nances of the transducer on its spring mounts. The electrical output power 
for a 1 g acceleration (9.8 m/s2) input is shown in Figure 8. Note that the 
primary resonance has moved from the purely mechanical value of 266 Hz 
to approximately 305 Hz, due to the addition of the stiffness of armature of 
the transducer. At resonance, the model predicts approximately 250 ßW of 
electrical output power for a 1 g acceleration input. The response is also rea- 
sonably broadband, having approximately 40 Hz at the half power points of 
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Figure 7: The primary translational vibration mode is at 266 Hz before 
including the coupling force of the drive rod. This drive rod stiffness is 
expected to stiffen the assembly somewhat and increase the actual resonance 
frequency (see Figure 8) 

the curve. With this level of damping in the springs, a broadband vibration 
source of lg/\/Hz could produce 1 mW or more output power. 

The peak displacement of this resonant vibration for single frequency 
input is approximately 24/zm (approximately 0.001 in.). This is approaching 
the saturation limit of the device, and its shock protection features would 
likely limit the vibration at two or three times this amplitude. Thus for single 
frequency excitation, the amplitude limit would be reached before the power 
output reached 1 mW. 

5    Alternative Design Features 

The device as described and analyzed above has full reflection symmetry 
across the x and y planes through the center of the transducer. The drive rod 
from the transducer to the mounting plate is located exactly in the center. In 
this configuration, only one mode of vibration is excited by the acceleration 
of the base plate. In an alternative design, the drive rod might couple at a 
point that is not symmetrically located. Breaking the symmetry in this way 
would allow additional vibration modes to be excited, and possibly increase 
the generated output. This idea was tested by connecting the drive rod at the 
position 80% of the length dimension and centered in width. This introduces 
an asymmetry in one dimension, and allows one of the rocking modes to be 
excited by the vibration drive. 

8 
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Figure 8: Electrical output power for a 1 g acceleration input at the mounting 
plate. 
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Figure 9: Electrical output power for 1 g acceleration input for the two cases 
of stress rod attachment. The asymmetrically located attachment allows a 
rocking mode to be excited and contribute a small amount to the output. 
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Figure 9 shows the power output for the asymmetrically coupled trans- 
ducer compared to that for the symemOtrically coupled device. The small 
resonant feature near 230 Hz is evidence or the rocking mode contributing 
to the output. The magnitude of the contribution is small, perhaps 10% the 
value at the primary resonance. However it may be possible to further im- 
prove this contribution by optimizing the design to enhance the contribution 
of this mode. For example, it might be possible to adjust the mass distribu- 
tion in the top plate to move the two resonant frequencies closer together, 
which would increase the output of the rocking mode and increase the overall 
bandwidth of useful energy generation. 

The work to date has only scratched the surface of all the design vari- 
ables that can be varied to optimize the design. The analysis gives confidence 
that a solution can be found to obtain the order of 1 mW of electrical power 
from a broadband vibration source of 1 g/\/Hz. Note also that the out- 
put power would increase if the source vibration had significant energy at 
higher frequencies and the mounting system resonance frequencies were in- 
creased accordingly. The example above has pushed the resonance to the 
lowest reasonable frequency because many ambient sources have energy in 
this frequency range. If a higher frequency source were available, a design 
with higher resonance frequency would be straightforward to implement. 

6    Caveats 

The calculations reported in this paper that lead to the information in Fig- 
ure 8 are believed to be at least approximately correct, based on the testing 
performed by Vitt and reported in his thesis[2]. However, Vitt's calculated 
power output overestimated the measured output from his transducer sam- 
ples by approximately 20%. That level of inaccuracy in the model is expected 
to carry over directly to the estimates here. In addition, the practical efforts 
to package and shock harden the design may reduce the available power by 
an amount that is difficult to estimate. 

The issue of shock hardening the device will be a significant challenge as 
the design moves forward. The spring mounts must allow the motion to be as 
free as possible up to the design limit of the power output. For a wideband 
energy sensor subjected to its design limit of vibration, one would expect 
occasional amplitude peaks that go beyond the saturation limit of the trans- 
ducer that would occasionally activate the limiting mechanism.   However, 
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those high excursions might not be any more frequent or higher in amplitude 
than occur for a hearing aid transducer subjected to its maximum output 
signal level as it varies through the peaks of the speech waveform. 

The more stringent test would be a drop test that would ensure survival 
and good performance after handling shocks and accidental drops by the user. 
The assembly of this concept study is not expected to withstand that kind 
of accidental abuse. A more robust design would need to be strengthened 
against vibration and shock in all three linear dimensions and against torques 
around all axes. The design would also need to incorporate hard limits on 
the motion of the transducer case to keep that large mass from exerting an 
unreasonable force in any direction on the armature. 

7    Suggestions for Further Study 

Perhaps the most important next step in this activity should be to finalize 
a prototype design with springs that can be obtained quickly and a device 
design that can be assembled and tested as easily as possible. It is likely that 
the springs can be fabricated using a prototyping "3D Printer" technology. 
Such a device would verify the calculations presented here and provide the 
ability to demonstrate the capability for a commercialization partner. 

Beyond that, a study, which could be performed simultaneously with 
the above, should be performed to understand the relationship of material 
selection and spring damping on the peak response and bandwidth of the 
device presented here. Presumably the Q of the resonance curve should be 
low enough that the amplitude of motion stays just below the saturation 
limit of the device. Higher damping might provide a greater bandwidth, but 
not have greater output as the mechanical losses become too great. 

Mentioned briefly above is the possibility of designing the device so that 
its multiple mechanical resonances play a greater role in the power generation. 
It should be straightforward to redesign the device so that its lowest rocking 
mode can be activated by the motion. That simply involves an asymmetric 
mounting of the transducer so that the drive rod is no longer near a node 
of the vibration mode. Perhaps more difficult would be finding ways for the 
rocking modes to participate more actively in power generation than they 
do in the present design. A redistribution of the mass in the top plate and 
possible redesign of the springs might move in the right direction. 

Finally it should be possible to empirically improve the analog model 
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of the transducer to include both the translational and rotational vibration 
sensitivities. By itself, that is a major undertaking in measurement and 
analog model development, but the return might be great if the rotational 
mode does play a significant role in the vibration sensitivity. 
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